Iron homeostasis plays a crucial role in growth and division of cells in all kingdoms of life. Although yeast iron metabolism has been extensively studied, little is known about the molecular mechanism of response to surplus iron. In this study, expression profiling of Saccharomyces cerevisiae in the presence of surplus iron revealed a dual effect at 1 and 4 h. A cluster of stress-responsive genes was upregulated via activation of the stress-resistance transcription factor Msn4, which indicated the stress effect of surplus iron on yeast metabolism. Genes involved in aerobic metabolism and several anabolic pathways are also upregulated in iron-surplus conditions, which could significantly accelerate yeast growth. This dual effect suggested that surplus iron might participate in a more complex metabolic network, in addition to serving as a stress inducer. These findings contribute to our understanding of the global response of yeast to the fluctuating availability of iron in the environment.
INTRODUCTION
Iron is an essential micronutrient element found in almost all living organisms. It participates in many fundamental metabolic processes such as cellular respiration, iron-sulfur cluster biosynthesis, and the reactions of iron-containing enzymes (Andrews, 2008; Dunn et al., 2007) . The mechanism of iron utilization and homeostasis has been elucidated in Saccharomyces cerevisiae (Kwak and Kosman, 2006) . Fe 3+ is first reduced to Fe 2+ by two plasma membrane proteins, Fre1 and Fre2, then transported by the low-afffinity iron transporter Fet4 (apparent Km of 30 mM) in iron-repleted conditions, or by the multicopper oxidase Fet3, a high afffinity iron system (apparent Km of 0.15 mM) in iron-depleted conditions (De Freitas et al., 2000; Dix et al., 1997) . S. cerevisiae uses two iron-responsive transcription factors, Aft1/2, to activate the transcription of a cluster of genes in the iron regulon that is implicated in iron-sulfur biosynthesis, heme utilization, and iron intracellular redistribution (Courel et al., 2005; Rutherford et al., 2003 , Shakoury-Elizeh et al., 2004 . Almost all studies on iron metabolism have used an iron con-centration of 1 mM or lower (Kumanovics et al., 2008; Puig et al., 2008) , while the yeast response to 1 mM or higher iron, designated an iron-surplus condition, has not yet been extensively studied. Surplus iron has long been recognized as producing free radicals in the presence of oxygen, and is thus cytotoxic to cells (Felice et al., 2005; Yamaguchi-Iwai et al., 1996) . For instance, iron-mediated lipid peroxidation attacks mitochondria. This is responsible for many degenerative diseases, such as Friedreich's ataxia and myohemoglobinuria (Almeida et al., 2006; Zager, 1996) . To counteract unfavorable iron toxicity, yeast cells store excessive iron in specified organelles such as the vacuole. A recent study ascribed iron toxicity at high concentrations in yeast to the accumulation of cytosolic iron and indicated that this could be alleviated by several mitochondrial iron transporters that transport iron from the cytosol into mitochondria (Lin et al., 2011) . An in-depth genome-wide analysis of the metabolic mechanism of yeast upon surplus iron has not yet been determined, however.
S. cerevisiae is an ideal eukaryotic organism to study global gene expression in response to a variety of environmental variations including oxidative stress, heavy metal ions and heat shock. Previously, yeast transcriptome analysis under surplus cobalt stress revealed that the iron regulon participates in cobalt tolerance (Stadler and Schweyen, 2002) . In contrast, we observed that surplus iron can serve as a growth stimulator to significantly accelerate the growth of yeast cells. To systematically understand the cellular response to iron-surplus conditions, we determined the expression profiling of S. cerevisiae in surplus iron at 1 and 4 h. The data from the yeast genomic expression profile revealed a dual effect that is involved in the expression of stress-responsive and growth-stimulating genes. We further found that the stress-resistance transcription factor Msn4 might participate in the cellular response that counteracts the stress effects of surplus iron. Our study provides novel insights into understanding complex iron metabolism in yeast.
MATERIALS AND METHODS
SUC2 mal mel gal2 CUP1 flo1 flo8-1 hap1) was inoculated in 200 ml yeast extract peptone dextrose Medium (YPD, 20 g tryptone, 10 g yeast extract, and 20 g glucose per liter) at 30°C overnight. The yeast of 500 ml at an OD 600 nm of 0.1 was transferred to five flasks, with FeCl 3 added to a final concentration of 0, 0.5, 1, 3, 5 mM (the background content of iron in YPD is about 25 μM). The optical density of each culture was monitored at 0, 1, 2, 3, 4, 5, 6, 7 and 8 h, respectively. Then, yeast cells were collected by centrifugation at 2,000 × g for 10 min at room temperature. The cell pellets were flash-frozen in liquid nitrogen and stored in a -80°C refrigerator for preparing RNA.
Extraction of RNA and synthesis of first-strand cDNA The total RNA was extracted from the frozen cells using the Trizol reagent (Invitrogen, USA) according to the protocol provided by the manufacturer. Deoxyribonuclease I (Invitrogen, USA) was used to remove trace of genomic DNA. The firststrand cDNA was synthesized using M-MLV Reverse Transcriptase following the recommended protocols (Promega, USA). The RNA was subsequently digested using RNase H (MBI Fermentas, Canada).
Microarray construction and hybridization
The yeast genome 70-mer oligonucleotides microarrays were obtained from CapitalBio, and the hybridization was done by the CapitalBio Company (China) (Zhang et al., 2002) . The microarrays were monitored on a GenePix scanner (Axon Instrument, USA). For each test and control sample, two hybridizations were performed by using a reverse fluorescence strategy, and 1.5-fold averaged over the two biological replicates and qvalue ≤ 1% was set for differentially expressed genes.
Trascriptional analysis of MSN4/MSN2 under different concentration of iron-surplus condition S. cerevisiae S288C was inoculated in 150 ml YPD medium at 30°C. The yeast at an OD 600 nm of 0.1 was transferred into six flasks, with FeCl 3 added to a final concentration of 0, 0.5, 1, 2, 5 mM respectively. The yeast cells were collected after being cultured for 4 h. The total RNA was extracted as described above. The amount of RNA was quantified by measuring the absorbance at 260 nm. Semi-quantitative reverse transcription-polymerase chain reaction (RT-PCR) was performed as described previously (Frohloff et al., 2001) . MSN4 primers used are (forward: 5′-CTCATAACAACAACAATGGTAAGGTTC-3′; reverse: 5′-GATGTTGTGATAAATTGTCACTTCTAC-3′); MSN2 primers used are (forward: 5′-GAAGGAAAGAAGGCCAAGTTACAG-3′; reverse: 5′-GTCTCCATGTTTTTTATGAGTCTTG-3′) and housekeeping gene β-ACTIN primers used are (forward: 5′-AA ACCGCTGCTCAATCTTC-3′; reverse: 5′-CATTCTTTCGGCA ATACCTG-3′). And in the quantitative RT-PCR (qRT-PCR), immunoQuantArray 96-well plates were prepared by the addition of 0.4 μl of 10 μM forward & reverse primers per well. To each well was then added 10 μl of SYBR Premix Ex Taq, 2 μl of cDNA and 6.8 μl of ddH2O. QRT-PCR data were collected on the ABI Prism 7,000 Sequence Detection System software using the default reaction conditions (1 cycle at 95°C for 5 min, 40 cycles at 95°C for 15 s and at 60ºC for 1 min). The values of threshold cycle (Ct) were exported for Global Pattern Recognition Algorithm (GPR) analysis (Akilesh et al., 2003; Livak et al., 2001) , that is, ΔCt gene = Ct gene -Ct normalizer , ΔΔCt = ΔCt gene -ΔCt control , amount of target gene = 2 -ΔΔ Ct . Fluorescence microscopy using green fluorescence protein (GFP)-tagging method The W303-lA strain (genotype: MATa leu2-3,112 trp1-1 can1-100 ura3-1 ade2-1 his3-11, 15) were transformed with the plasmid pAdh1-Msn4-GFP and grown in SD-Ura medium (lacking uracil). Cells were cultured to the early exponential phase at OD 600 nm of 0.6 before being treated with 5 mM Fe 3+ for 5 min. Cells were harvested and fixed by adding 1 volume of 4% formaldehyde in phosphate-buffered saline (PBS). After a 15-min incubation at room temperature (RT), cells were washed with cold PBS, kept on ice for 5 min, and washed once more with cold PBS. Nuclei were stained by addition of 2 μg ml -1 of 4, 6diamidino-2-phenylindole (DAPI) before microscopy observations using a Zeiss LSM710 META laser scanning confocal microscope.
RESULTS AND DISCUSSION
The growth-stimulating effect of surplus iron on S. cerevisiae To investigate the effect of surplus iron on yeast metabolism, we first determined a growth curve for the wild-type strain S288C during logarithmic growth in YPD medium supplemented with 0.5, 1, 3, 5 mM Fe 3+ . Unexpectedly, yeast grew faster in ironsurplus medium than in the normal medium, that is, Fe 3+ improved the growth of yeast in a dosage-dependent manner in a specific range of concentrations (Fig. 1) . This result implied that surplus iron acted as an enhancer of cell growth, rather than a heavy metal stress. This unexpected finding prompted us to explore the molecular mechanism of the yeast response to surplus iron using DNA microarrays.
Transcriptional profiles of yeast in response to surplus iron
To compare the profiles of the yeast transcriptomic response to surplus iron, early logarithmic yeast S288C grown in liquid YPD medium were exposed to 5 mM Fe 3+ for 1 or 4 h. The number of genes that were expressed differentially compared to the control at indicated time points (1 h and 4 h) is in Fig. 2A . Among the 5935 genes covered by the DNA microarray, the expression levels of 48 genes changed more than 2-fold and 135 genes showed a changed between 1.5-and 2-fold at 1 h, whereas 346 genes changed more than 2-fold and 487 genes showed a change between 1.5-and 2-fold at 4 h. The expression profiles indicated that the yeast response to surplus iron is multiphasic. Only 183 stress-related genes responded promptly by 1 h. At 4 h, 833 genes involved in metabolic pathways were expressed. Venn diagrams revealed that two genes were upregulated more than 2-fold, compared to 25 genes that were commonly downregulated by more than 2-fold both at 1 and 4 h (Fig. 2B) . These downregulated genes were mainly related to iron transport and homeostasis, and consisted of 17 open reading frames (ORFs) at 1 h and 26 ORFs at 4 h ( Supplementary  Tables 1 and 2 ). For instance, the genes FIT1, FIT2, and FIT3 encode cell wall-anchored mannoproteins that can retain siderophore-iron in the cell wall. The high-affinity iron transporter (FET3 and FTR1) and low-affinity iron transporter (FET4) are involved in iron uptake through the plasma membrane. Several downregulated genes were also associated with iron metabolism, such as the iron-sulfur cluster synthesizing gene ISU2 and the ferric reductases encoded by genes FRE6/7. All these genes indicated that surplus iron downregulated the transcription of iron-related genes, thus maintaining the proper intracellular iron concentration.
When yeast cells were exposed to surplus iron for a considerable time such as 4 h, genes involved in the tricarboxylic acid cycle, electron transport, and oxidative phosphorylation were all upregulated, compared to the downregulated genes of anaerobic respiration. These data showed that surplus iron drove yeast cells to perform aerobic respiration and thus facilitated faster growth, concomitant with the upregulation of genes inamino acid/protein biosynthesis, assembly and modification, sugar/lipid biosynthesis, and cell wall formation ( Supplementary  Table 2 ). Furthermore, several stress-responsive genes were also upregulated in surplus iron at 4 h, such as HSP12, HOR7, LSP1, SOD2, GRX4, CCC1, GSY1, and HSP31. In particular, HSP12, HOR7, SOD2, CCC1 and HSP31 contain a stress response element (STRE) consensus sequence in their promoter regions, and all are target genes of the stress-resistant transcription factors Msn2/4 (Gauci et al., 2009; Martinez-Pastor et al., 1996) . For instance, Hsp12 is a plasma membrane protein induced by stress conditions that probably initially perceives extracellular surplus iron. The vacuolar iron transporter Ccc1 that is induced by Msn2/4 facilitates the storage of surplus intracellular iron in the vacuole to alleviate high-iron toxicity. In addition to Msn2/4-dependent stress-responsive genes, many upregulated genes in other metabolic pathways are also targets of Msn2/4 (Table 1) (Gauci et al., 2009) . Therefore, we further checked changes in the transcription of MSN2/4, with the result that MSN4 increased 1.5-fold and 1.75-fold under 5 mM of Fe 3+ at 1 and 4 h, respectively, compared to the stable transcription of MSN2 in iron-surplus conditions.
To further confirm this finding, RT-PCR assays were performed ( Figs. 3A and 3B) . The 2 -ΔΔCt was calculated to indicate relative changes in gene expression. The results showed that transcription of MSN4 was significantly upregulated upon increased iron concentration in the medium, up by approximately 2-fold at 5 mM of Fe 3+ , using YPD medium as the background control.
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Surplus iron serves as a stress inducer mediated by Msn4
As a global stress-resistant transcription factor, inactivated Msn4 is ubiquitously distributed in the cytoplasm. Upon stress, Msn4 is hyperphosphorylated and relocalized to the nucleus, then displays a periodic nucleo-cytoplasmic shuttling behavior. DNA binding of Msn4 may be controlled inside the nucleus or by the regulation of nuclear entry (Martinez-Pastor et al., 1996) . Therefore, we selected Msn4 fused with a green fluorescent protein (GFP) tag, designated Msn4-GFP, to monitor its dynamic distribution in surplus iron conditions. W303-1A cells with pretransformed Msn4-GFP plasmid were treated with 5 mM Fe 3+ and grown to early exponential phase to an OD 600 nm of 0.6. After about 5 min, Msn4-GFP was accumulated in the nuclei in almost all cells (Fig. 4A ), using DAPI staining as a control (Fig.  4B) . The dynamic distribution of the nuclear localization of Msn4-GFP was also observed by real-time capture (Fig. 4C) to illustrate explicitly the stress effect of surplus iron on the yeast cells. Previous studies demonstrated that Msn4 is a transcription factor that is activated only in stress conditions (Martinez-Pastor et al., 1996) . Our results further supported that surplus iron is a stress inducer that is probably mediated by Msn4.
In summary, we used DNA microarrays to determine and analyze expression profiles of S. cerevisiae in surplus iron conditions. Here, we reported the dual effect of surplus iron on S. cerevisiae by yeast transcriptome analysis, and showed that surplus iron acted as a stress inducer (Fig. 5) . Surplus iron induced the expression of stress-responsive genes including a considerable number of target genes of the stress-resistant transcription factor Msn4. Surplus iron also downregulated iron utilization related genes. The expression of these genes was an These genes showed Msn4-dependent regulatory pattern whose promoters contain sequences that match the STRE-consensus sequence, 5'-AGGGG-3'.
active response of yeast to cope with the stress effect of surplus iron. Surplus iron also induced the aerobic metabolism and several anabolic pathways to stimulate cell growth. However, the faster "cancer cell-like" growth rate compared to the normal growth of yeast could result in undue consumption of intracellular biomolecules and breakdown of metabolic homeostasis, which might be considered an abnormal state. Taken together, our study contributes to our understanding of the intricate iron metabolism of yeast to cope with the fluctuating availability of iron from the environment.
Note: Supplementary information is available on the Molecules and Cells website (www.molcells.org).
